We have investigated the effect of piezoelectric (PZ) polarization property on group velocity of phonons in binary as well as in ternary wurtzite nitrides. It is found that with the presence of PZ polarization property, the phonon group velocity is modified. The change in phonon group velocity due to PZ polarization effect directly depends on piezoelectric tensor value. Using different piezoelectric tensor values recommended by different workers in the literature, percent change in group velocities of phonons has been estimated. The Debye temperatures and frequencies of binary nitrides GaN, AlN, and InN are also calculated using the modified group velocities. For ternary nitrides Al x Ga (1-x) N, In x Ga (1-x) N, and In x Al (1-x) N, the phonon group velocities have been calculated as a functions of composition. A small positive bowing is observed in phonon group velocities of ternary alloys. Percent variations in phonon group velocities are also calculated for a straightforward comparison among ternary nitrides. The results are expected to show a change in phonon relaxation rates and thermal conductivity of IIInitrides when piezoelectric polarization property is taken into account.
Introduction
The wurtzite nitride semiconductors (GaN, AlN, InN, and their alloys) are promising materials for the next generation of high-power optoelectronics devices [1, 2] . One of the important issues in further development of wurtzite nitride is self-heating. Self-heating strongly affects the performance of the device [3, 4] . Recently, wurtzite nitride LEDs suffer from the problem of efficiency droop which resulted from the piezoelectric effect [5] . The material in the active layer and the substrate material generally determine the thermal resistance of the device structure. Thus, it is important to know the accurate value of the thermal conductivity, k, of corresponding material.
Several groups have reported investigation of the thermal conductivity value in wurtzite nitride films [6] [7] [8] [9] . The thermal conductivity k for GaN films grown by hydride vapor phase epitaxy (HVPE) is about 1.3 W/cm K at room temperature [6] . Florscu et al. [8] have determined thermal conductivity of GaN films fabricated by lateral epitaxial overgrowth is about 1.7-1.8 W/cm K using the scanning thermal microscopy technique. Adachi [10] has reported the k value 1.95 W/cm K for GaN films. Some samples with lower dislocation density the thermal conductivity value reaches k = 2.1 W/cm K. The theoretical studies of the thermal conductivity of bulk GaN, conducted by Zou and co-workers [11] [12] [13] , on the basis of the CallawayKlemens approach [14, 15] , have reported k value from 3.36 to 5.40 W/cm K by taking two sets of material parameters for GaN. The relatively large difference between these two values of the thermal conductivity is entirely due to ambiguity in values of material parameters of GaN. In the same work they have also demonstrated the effect of impurities and dislocations on thermal conductivity. The piezoelectric polarization effect on thermal conductivity, so far in our knowledge has not been considered. As nitride wurtzites are strong piezoelectric polarization materials, the effect should be taken for study. In this work, we have calculated the group velocity of the phonons by adding piezoelectric polarization property. Using modified phonon group velocity, calculation is done for Debye temperature and frequency for both binary and ternary wurtzite nitrides.
The article is organized in the following manner. In the next section a brief introduction about spontaneous and piezoelectric polarization phenomenon in wurtzite nitrides is discussed. The modified phonon group velocity due to polarization effect is presented in section ''Modified phonon velocity''. In section ''Result and discussion'', the modified phonon group velocities are calculated for binary as well as for ternary wurtzite nitrides. Finally, conclusions are given.
Spontaneous and piezoelectric polarization
A unique feature of the wurtzite nitrides is strong PZ polarization effect. It has been theoretically calculated and experimentally confirmed. Both spontaneous polarization (SP) and piezoelectric polarization (PZ) present in the wurtzite nitrides influence the optical, electrical, and thermal properties and thus, significant consequence on device design [15] . Polarization induces sheet charges and electric fields values as high as 1 MV/cm [16] in these materials. The effect can be used constructively in device design to enhance carrier collection, ohmic resistance reduction, and bending bands to reduce surface recombination. Polarization is defined by D ¼ e 0 e r E þ P; where D is electric flux density (C/m 2 ), E is electric field (V/m), P is net polarization (C/ m 2 ), e 0 is vacuum permittivity, e r is relative permittivity. The net polarization is composed of two parts: (i) spontaneous, which is intrinsic to a material, and (ii) piezoelectric, which is strain-induced, P ¼ P SP þ P PZ where P SP is spontaneous polarization (C/m 2) and P PZ is piezoelectric polarization (C/ m 2) . The spontaneous polarization along the z (or c) axis of the wurtzite crystal is P SP ¼ P SP z: The piezoelectric polarization can be calculated by P PZ ¼2 x e 31 þ 2 y e 32 þ 2 z e 33 ; where 2 x ; 2 y ; 2 z are strain components in the x, y, z directions, and e 31 ; e 32 ; e 33 are piezoelectric constants. The strain along the z-axis is 2 z ¼ c À c 0 ð Þ=c 0 and the in-plane strain 2 x ¼2 y ¼ a À a 0 ð Þ=a 0 is assumed to be isotropic. The relation between 2 x and 2 z is 2 z ¼ À2ðC 13 =C 33 Þ 2 x ; where C 13 ; C 33 are elastic constants. Table 1 shows the values of elastic constants of wurtzite nitrides (GaN, etc.) [17] . Using the relation 2 x and 2 z ; the piezoelectric polarization in the direction of the c-axis becomes P PZ ¼ 2ða À a 0 Þ=a 0 ½e 31 À e 33 ðC 13 =C 33 Þ: The spontaneous and piezoelectric polarization values of wurtzite nitrides (GaN, etc.) are presented in Table 2 [17] [18] [19] .
Modified phonon velocity
The coupling between the elastic strain and electric field is characterized by the third rank piezoelectric tensor e abc ; according to the relation [20] 
where r ab is the stress tensor, C abcd is the fourth-rank elastic modulus tensor, u c is the particle displacement, and E c is the electric field. The equations of motion take the form
The constitutive relation involving the electric displacement D a and the dielectric tensor e ab when piezoelectricity is present, is
Combining this relation with the Maxwell equation
yields,
which is to be solved simultaneously with Eq. (3). As a specific example, let us consider the wurtzite form of 
where C 44 is the appropriate elastic modulus in the Voigt notation. Eliminating the electric field from the equation of motion, we obtain the wave equation
with C 44 the effective elastic modulus specified by
The Dispersion relation is x½ " C 44 =q 1=2 q ¼ tq here t is the speed of the wave. It is clear that the speed is enhanced by the piezoelectric polarization effect [20] . Without piezoelectric polarization effect the transverse velocity of phonon is t T ¼ ½C 44 =q 1=2 : When piezoelectric effect is considered the transverse velocity becomes t T;P ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
e 0 e 11 . q r : In real crystals, the sound velocity t(q) depends on the direction and magnitude of the phonon wave vector q, and is specific to a given phonon polarization type. According to Callaway's formulation [13, 14] , a single-branch polarization-averaged velocity t along a specified crystallographic direction is
where t L and t Here, N is the number of atoms present in volume V of the crystal and t is phonon group velocity. Debye temperature
where m D is the Debye frequency, h is planck's constant and k B is Boltzmann's constant. The Debye frequency and temperature are changed because of change in phonon group velocities of IIInitrides.
Result and discussion
The group velocity of phonons in III binary nitrides without considering PZ polarization property are first calculated using values of elastic constants from Tables 4 and 5 , respectively. The Debye temperature for binary wurtzite nitrides GaN, AlN, and InN without PZ polarization are 600, 1150, and 660°K, respectively [22] . In addition, the percent changes in phonon group velocities for GaN, AlN, and InN due to addition of PZ polarization property are shown in Fig. 1 for straightforward comparison. Guy and co-workers [23, 24] published experimental results for all piezoelectric tensor elements. They found e 15 [ 0. The experimental determination of e 15 should at least yield a more reliable sign than the assumption used before. We therefore consider the reported positive value of e 15 as more accurate than the negative one of earlier works [22] . For our other calculations in this article, we have used the values of e 15 recommended by Vurgaftman and Meywer [18] , i.e., e 15 = ?0.33 for GaN, ?0.42 for AlN, ?0.26 for InN, because these recommended values are intermediate between the most reliable theoretical and experimental values of e 15 . To calculate phonon group velocities of ternary nitrides, we have explored the effective elastic constant C 44 ; piezoelectric polarization tensor e 15 , dielectric constant e 11 , and density q of the ternary alloys as a function of composition x by interpolating their corresponding binary values. The variation of effective elastic constant C 44 and e 15 of ternary alloys with composition are shown in Figs. 2 and 3 respectively. From Figs. 2 and 3 , it can be observed that C 44 and e 15 vary linearly with composition, i.e., they obey Vegard's law. However, the variations of phonon group velocities of the ternary alloys do not show a linear dependence on composition [19, 25] . This result is shown in Fig. 4 . It can be observed from Fig. 4 that there is a small positive bowing in each curve; even if we have not used the bowing parameter in the calculations. To know maximum change in phonon group velocities with composition among the ternary alloys due to the addition of PZ polarization property, we have plotted the percent variation in phonon group velocities in Fig. 5 . Maximum change in phonon group velocity is observed in AlGaN and least variation is observed in case of InGaN. The Debye frequency and temperatures are directly proportional to phonon group velocities (sect ''Modified phonon velocity''). Hence, the change in Debye frequencies and temperatures of ternary alloys as a function of composition will follow the similar type as that shown by phonon group velocities of ternary alloys.
Conclusion
We have investigated theoretically the effect of PZ polarization property on phonon group velocity in binary as well as in ternary wurtzite nitrides. 
